The aim of the study was to investigate the developmental pattern of hypoplastic pulmonary artery (p.a.) bed augmented by systemic-to-pulmonary shunt in children with univentricular heart scheduled for Fontan surgery.
polyglobulic status (Hb-values; g/dl): 21.3 in A vs 19.8, 18 .0 and 16.5 in B-D) and mean arterial SAsat-values (77% in A vs 83%, 84% and 89% in B-D).
In conclusion, in our highly selected patient cohort, the development of p.a. size was strongly flow-dependent, and patients with restrictive pulmonary flow needed an approximately threefold longer time period to normalize their p.a. size compared to those with excessive flow. In patients with restrictive pulmonary flow, the Nakata-index underestimated the degree of development of the pulmonary artery system, probably due to the distortion of the proximal p.a. segment. In consequence, in these patients the normalization of the p.a. bed and thus suitability for the Fontan procedure probably occurred much earlier. Based on our observations and those of others, in patients with excessive flow the normalization of p.a. bed, provided it occurs within 3-4 years, seems not necessarily to be associated with a deterioration of ventricular function. (Jpn Heart J 1998; 39: 671-680) Key words: Hypoplastic pulmonary artery bed, Fontan procedure ENERALLY, systemic-to-pulmonary shunt (STPS) is an effective method for augmentation of hypoplastic p.a. bed1,4,13) preparing the pulmonary circulation for definite repair. However, pulmonary artery system supplied by a shunt may have a different growth pattern. This is especially important in the indication policy for a Fontan procedure, as the pulmonary artery size (p.a. index) is reported to be one of the important factors influencing early and late outcome after a definite repair, 3, 20) and on the other hand, a long standing shunt condition may have adverse effects on myocardial function.15) Therefore, of essential importance seems to be the question whether the Nakata-index and McGoon-ratio are reliable factors in the assessment of the degree of development of p.a. bed, especially in children with a high potential for distortion of p.a. due to STPS.
Little is known about the factors promoting growth of the p.a. bed and its developmental pattern after STPS. Some early reports10,21) and recently published work20) suggest that one of the most important primary determinant factors promoting growth of the pulmonary vessel is the p.a. flow.
To determine the prognostic value of the p.a. flow as a factor correlating with or determining the p.a. size, we investigated the developmental pattern of the p.a. system in 12 children with univentricular heart and hypoplastic p.a. bed augmented by STPS, with special regard to the relationship between the p.a. flow, p.a. size and the time factor.
For the study, we selected children unified by the comparable morphologic conditions of univentricular heart and hypoplastic p.a. bed, who after mandatory STPS developed a different level of p.a. flow, from restrictive to excessive high, and underwent Fontan procedure at the time of normalization of p.a. diameter, presenting with globally unimpaired ventricular function and normal pulmonary vascular resistance.
We also tried, in the light of our results, to delineate the interpretational value of the Nakata-index and McGoon-ratio in terms of assessments of suitability for a Fontan procedure, particularly focusing our attention on the relationship between the degree of development of proximal and distal p.a. segments, especially in children with long standing STPS and restrictive p.a. flow.
MATERIALS AND METHODS
Twelve non-consecutive patients aged between 5 and 19 years (mean 9.5 years) with univentricular heart and hypoplastic p.a. bed, who after mandatory STPS underwent successful Fontan procedure during 1980-1993, were chosen for the study. The selection criteria were: normal p.a. diameter, normal pulmonary arteriolar resistance, competent atrioventricular valve(s), and globally unimpaired ventricular function at the time of the Fontan procedure.
In all patients, the following parameters were analysed for preoperative assessment of pulmonary and hemodynamic function: pulmonary-to-systemic flow ratio (Qp: Qs), pulmonary flow-index (Qpi; L/min/m2 b.s.a.), mean pulmonary artery pressure (PAP mean; mmHg), pulmonary-to-systemic resistance ratio (Rp: Rs), Nakata-index (PAI; mm2/m2 b.s.a.), McGoon-ratio, planimetrically assessed pulmonary artery area index (PPAAI; cm2/m2 b.s.a.), end-diastolic ventricular pressure (EDVP; mmHg), fractional shortening (FS; %), ventricular diastolic compliance (VC=EDVP/Qpi+Qsi)-based on a modified formula in accordance with Mair et al., 14) as well as hemoglobin (Hb; g/dl) and systemic arterial oxygen saturation values (SAsat; %). In 5 patients lung biopsies were taken intraoperatively, and the lung specimens were analysed and graded according to Heath & Edwards classification.9)
For measurements of p.a. size preoperative angiograms were evaluated according to the techniques described by Nakata et al. 16 ) and McGoon. 18) In addition to the classical measurements of p.a. size according to Nakata and McGoon, in every patient a defined area of the p.a. tree was calculated using a computer added planimetric procedure developed in our institution according to the following principle: From the pulmonary angiograms of the left and right lung pictures were taken in the phase of the most powerful contrast intensity in systole and magnifications up to A4 international paper format were made. In all patients, both the left and right p.a. system could be reached either by an antegrade route or by unilateral access via a prosthetic shunt. The contours of the p.a. were then outlined in a standard fashion beginning proximally at the main p.a. at the prebranching level and finishing at the subsegmental arteries ,
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Figure.
Planimetric calculation of the pulmonary artery area index (PPAAI The mean age at Fontan procedure was 16 years in group A, the highest, in comparison to 9.0, 7.0 and 5.5 years in groups B,C and D, respectively. Nine patients underwent a total cavo-pulmonary-, and 3 patients an atrio-pulmonary connection. An intraatrial tunnel fenestration was done in 8 cases.
In Table II , data (mean values/absolute terms) are given concerning the Nakata-index, McGoon-ratio, PPAAI, PAP mean, Qp: Qs ratio, Qpi, Rp: Rs ratio, VEDP, VC, FS, as well as SAsat-and Hb-values.
The patients with Qpi<4.0L/min/m2 had a restrictive, with Qpi 4.0-5.0 a balanced, and with Qpi>6.0L/min/m2 an excessive pulmonary blood flow. The mean p.a. pressure was proportional to the Qpi and showed an increasing tendency throughout the groups with values of 13, 15, 15 and 18mmHg for groups A, B, C and D. No correlation between the Rp: Rs ratio and shunt patency period, mean PAP and Qp: Qs ratio was observed in the groups.
A positive correlation between Qpi and the Nakata-index and McGoonratio, but no correlation between Qpi and PPAAI was found. There was a strong inverse relationship between the Nakata-index and shunt patency period (Tables  I and II ).
An evident inverse relationship could be found between the Qpi and ventricular diastolic compliance (VC=EDVP/Qpi+Qsi).
Patients in group A Jpn Heart J September 1998 Table  II showed the highest mean VEDP accompanied by the lowest ventricular compliance, highest Hb-and lowest SAsat-values.
Intraoperatively taken lung biopsies revealed higher degrees of pulmonary vascular changes in 2 out of 5 patients (Table III) .
As presented in Table III , in the early postoperative period the level of the central venous pressure was inversely proportional to the preoperative pulmonary flow-and size-index, with the highest mean value of 22mmHg in group A and the lowest mean value of 12mmHg in group D. No difference was observed with regard to the postoperative catecholamine demand and mechanical ventila- size of the pulmonary artery can hypothetically be represented by flow (Qpi) and compliance (Cp). We could fully confirm this hypothesis and show that the development of the p.a. diameter is strongly flow-dependent, and in consequence that the pulmonary flow index (Qpi) is of prognostic value in the indication policy for Fontan repair.
In patients with excessive p.a. flow, normalization of the p.a. size generally occurs within a relatively short period of time with no increased risk for deterioration of ventricular function. According to data published by Kuroda, 12) there is no significant difference in the enddiastolic-volume index, ventricular mass index or ventricular mass/enddiastolic volume ratio between patients with restrictive (Qp: Qs<1.0) and increased (Qp: Qs= >1.0) pulmonary blood flow during the first 3 years after the shunt procedure. Gewillig,6) based on investigations in 8 patients with tricuspid atresia who remained palliated by a shunt, observed after a 3-year-shunt period a decrease in the left ventricular wall thickness related to enddiastolic dimension, suggesting ventricular dilation, but no significant change in the load-independent index of contractility (rate corrected velocity of shortening/endsystolic meridional stress), suggesting no alteration of left ventricular performance.
In patients with restrictive p.a. flow normalization of p.a. size is possible within a time period approximately threefold longer than in those with excessive p.a. flow, with a risk for development of cyanosis-related deterioration of ventricular function8) and pulmonary vascular obstructive disease.15) We found that in these patients the Nakata-index is not a reliable factor in the assessment of the degree of development of p.a. size, most probably due to a high potential for shunt-related distortion of the proximal segment of the p.a. 15) Linear correlation between the Nakata-index and McGoon-ratio and pulmonary flow index, but no correlation between planimetrically measured p.a. size and p.a. flow index suggest that the Nakata-index and McGoon-ratio underestimate and also do not consider the degree of development of distal p.a. bed, possibly also the flow capacity. This is especially true for the Nakata-index since it is calculated similar to our planimetrically calculated p.a. area index in relation to the body surface area.
According to our planimetric measurements, normalization of the p.a. diameter (mainly that of the distal segments) is supposed to occur earlier than the Nakata-index suggests. In our opinion, the indexed cross-sectional area of the lower lobe branch of the right and left p.a., as proposed by Reddy19) is probably a more appropriate measure to assess the pulmonary artery growth expressing more adequately the degree of development of the p.a. bed.
In conclusion, patients who despite STPS still have a hypoplastic p.a. bed and restrictive p.a. flow remain a matter of concern in terms of adequate pallia-I PULMONARY ARTERY BED AFTER SYSTEMIC -TO-PULMONARY SHUNT 679 tion policy and timing for the Fontan procedure. Development of the p.a. bed is strongly flow dependent, however, the Nakata-index/McGoon-ratio may be not reliable factors in the assessment of suitability for the Fontan procedure in children with STPS. "Lower" Nakata-index/McGoon-ratio associated with excessive or balanced p.a. flow may not be a risk factor for the Fontan procedure in these children.
Our investigations suggest that frequent monitoring of the development of the p.a. size and its tendency, with special regard to the distal p.a. segments, p.a. flow (Qpi) and the compliance (Cp), is necessary. In patients with restrictive pulmonary flow and lacking a tendency to increase p.a. diameter, a further generous shunt should probably be implanted for acceleration of p.a. growth.11) Alternatively, the bidirectional Glenn shunt should be taken into consideration, also in patients with unimpaired ventricular function. The decision for early conversion into a Glenn shunt can be supported by the fact that the benefit from reducing the volume overload on the singular chamber may be of greater importance than the disadvantage of lacking an increase in p.a. diameter. On the other hand, further investigations are necessary to determine whether patients with restrictive p.a. flow and good ventricular function will benefit more from the bidirectional Glenn shunt than from STPS in terms of augmentation of p.a. bed, and thus, long term outcome after a subsequent Fontan procedure.
